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Hardening  and  Shaping 

Dispersion  Hardening  of  Sone  Thermoelectric  Materials 

Lidorenko  N.  S. , Narva  0.  M.,  Mazur  T.  A. , Cudkin  L.  D. , Yerofeyev  R. 
S. 


(Moscow) 

Experinental  data  on  the  dispersion  hardening  of  ther aoelectric 
■aterials  are  obtained  and  coapared  with  existing  theories.  It  is 
noted  that  one  of  the  aost  expedient  aeans  cf  the  substantial 
iaproveaent  of  strength  and  plastic  properties  of  theraoelectric 
■aterials  with  allowable  reduction  of  effectiveness  is  dispersion 
hardening  with  inclusions  of  nonreacting  phase.  The  character  and 
peculiarities  of  change  of  the  effectiveness  of  heterophase 
theraoelectric  aaterials  are  considered. 
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Fundamental  positions  on  the  dispersion  hardening  of 
thermoelectric  materials  are  presented. 

The  wide  use  of  thermoelectric  converters  is  slowed  to  a certain 
degree  by  the  low  mechanical  properties  of  the  semiconductor 
materials  used.  The  role  of  the  strength  characteristics  of 
thermoelectric  materials  is  manifested  the  most  clearly  on  the  stage 
of  manufacture  of  thermoelements  and  batteries  and  in  the  period  of 
operation  of  converters.  One  of  the  obvious  reasons  for  the 
appearance  of  mechanical  stresses  is  the  difference  in  the 
coefficients  of  thermal  expansion  (KTR)  of  the  separate  layers  of  the 
thermoelement.  The  thermal  stresses  in  this  case  appear  during 
cooling  on  the  most  dangerous  in  the  region  of  temperatures  at 
which  the  plasticity  of  materials  is  quite  low,  and  the  yield  point 
is  close  to  the  ultimate  strength.  The  presence  of  residual  stresses, 
reaching  values  of  the  ultimate  strength,  can  lead  to  substantial 
weakening  of  the  materials  due  to  the  appearance  of  micro-  and 
nacrocracks. 

Another  important  factor,  causing  "technological"  stresses  in 
the  thermoelements,  can  be  the  reverse  elastic  aftereffect  (OOP)  of 
heterogeneous  materials,  connected  with  the  action  of  pressure  and 
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temperature.  Dependina  upon  the  specific  conditions  of  operation  of 
thermoelectric  converters  and  the  aechanical  actions  connected  with 
thea  the  reliability  and  the  efficiency  of  the  generator  will  in  aany 
respects  be  determined  by  the  aechanical  properties  of  the 
thermoelectric  materials.  The  role  of  the  aechanical  characteristics 
is  the  most  clearly  visible  on  an  example  of  hole  lead  tellaride: 
while  possessing  guite  good  thermoelectrical  characteristics  in 
conjunction  with  high  heat  resistance,  it  did  not  find  wide  practical 
use  (in  contrast  to  n-PbTe)  because  of  low  plasticity  (~  0.1  o/o). 

All  this  determines  the  urgency  and  practical  importance  of  the 
searches  for  improvement  of  the  nechanic.il  properties  of 
thermoelectric  materials. 

1.  Selection  of  the  optimum  eethod  of  the  strengthening  of 
thermoelectric  materials.  Since  thermoelectric  materials  are  used 
mainly  in  the  fora  cf  polycrystals,  then  as  applied  to  then  the  most 
expedient  method  is  hardening  due  to  intensification  of  the 
defectiveness  of  the  crystal  structure  [1].  The  main  practical  means 
of  realization  of  this  method  can  be:  strain  hardening,  guench  or 
vacancy  mechanism  of  hardening,  irradiation  hardening,  hardening  by 
means  of  the  introduction  of  dispersed  crystals  of  the  second  phase 
into  the  initial  material.  As  applied  to  thermoelectric  materials  the 
last  of  the  methods  is  the  most  expedient,  effective  and 
technological.  This  is  determined  by  the  fact  that  precipitation 
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hardening  with  the  aid  of  phase  stable  at  elevated  teaperatures  can 
be  easily  realized  in  the  general  technological  cycle  of  aanufacture 
of  theraoeleaents,  the  fundaaental  aetbcds  of  which  are  based  on  the 
aethods  of  powder  aetallurgy.  Futheraore,  this  aethod  in  principle 
provides  prolonged  theraal  stability  of  the  effect  of  hardening  both 
during  the  aanufacture  of  theraoelectric  aodules  and  during  their 
subseguent  operation. 

In  the  theoretical  works  dedicated  to  the  calculation  of  the 
change  of  theraoelectric  characteristics  (a,  • , *)  of  heterophase 
systens  depending  on  the  properties,  voluan  portion  and  distribution 
of  each  of  the  phases  [2,  3]  the  conclusion  is  aade  that  the 
theraoelectric  effectiveness  of  aultiphase  system  can  be  only  lower 
than  % of  the  initial  aatrix.  However,  in  the  indicated  works  it  is 
clearly  or  indirectly  inferred  that  the  diiensicns  of  particles 
participating  in  the  foraation  of  heterophase  systens  are  quite 
great,  i.e.,  each  of  then  preserves  voluae  properties,  and  that  the 
boundaries  between  grains  of  the  systea  are  negligibly  thin  and  do 
not  have  any  effect  on  the  properties  of  the  systea.  At  the  sane 
tine,  with  decrease  of  the  size  of  particles  the  voluae  properties 
should  undergo  substantial  changes  in  connection  with  the  fact  that 
the  surface  energy  becoaes  coaaensurate  with  voluae.  In  this  case, 
even  with  use  for  the  creation  of  a systea  of  particles  of  one  phase, 
changes  of  separate  characteristics  should  be  observed  depending  on 
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the  size  of  particles. % Futheraore,  with  sufficiently  saall  dieensions 
of  heterophase  particles,  when  the  systen  is  characterized  by  large 
area  of  contacts,  the  last  can  have  a decisive  effect  on  the 
properties  of  eaterial.  In  this  case  it  cannot  be  considered  that  the 
contacts  can  have  only  a negative  effect  on  the  properties.  A case  is 
also  possible  where  the  interfaces  of  two  phases  completely  or 
partially  reflect  the  phonons  and  are  "transparent"  for  electrons 
(for  ezanple,  due  to  "tunnel"  effect)  [4]. 

On  the  other  hand,  equilibrium  of  the  various  phases  in  the 
systen,  which  designates  alignnent  of  the  levels  of  chenical 
potentials  in  the  contact  region,  with  the  presence  of  contact 
differences  of  potentials  is  achieved  by  the  transition  of  sone 
guantity  of  free  carriers  fron  one  substance  tc  another.  Hith  rather 
saall  diaensions  of  particles  this  can  lead  to  a quantitative  change 
of  the  conductivities  of  heterogeneous  particles  and,  due  to  this,  to 
a change  of  the  electrophysical  properties  of  the  heterophase  systoea 
as  a whole. 

Consequently,  the  account  of  the  phenoaena  on  contacts  in 
dispersed  heterophase  systems  can  in  principle  lead  to  accoaplishaent 
of  change  of  the  thermoelectric  guality  factor  to  the  opposite 
character  th^n  follows  froa  [2,  3].  Recently  in  a number  of  works  [4, 
5]  is  exaained  the  possibility  of  soae  increase  of  quality  factor  in 


DOC  * 1848 


PAGE  6 


beterophase  thermoelectric  Materials*. 


Footnote:  * DudJtin  L.  D. , Lidorenkc  N.  S.  and  others.  Branch  of 
thernoeleaent.  Auth.  certificate  No.  186539,  cl.  21v,  27/03.  Bull. 
No.  1 9,  3 Oct.  1966. 


Froa  that  discussed  above  it  follows  that  the  problem  of 
increase  of  the  quality  factor  with  the  use  of  heterophase 
heterogeneity  directly  touches  the  problem  of  precipitation  hardening 
of  thermoelectric  materials.  The  second  problem  is  not  specially 
discussed  in  this  report.  Below  are  provided  the  generalized  results 
of  the  experimental  investigations  on  precipitation  hardening  of 
thermoelectric  materials  on  the  basis  of  aonotellurides  of  the  IV 
group  of  elements  of  periodic  system  with  inclusions  of  second  phase 
depending  on  its  nature,  size  of  particles  and  volume  quantity. 

2.  Experimental  data  on  the  precipitation  hardening  of 
thermoelectric  materials.  Batrix  materials  were  used  in  the  fora  of 
powders  with  dispersity  -0.25  am,  inclusions  in  the  fora  of  powders 
with  dispersity  froa  5 p to  (-0.50*0.25)  am.  The  content  of  admixture 
was  basically  5-7  o/o  by  volume,  since  with  large  content  the 
thermoelectric  parameters  of  the  materials  substantially  deteriorate. 
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In  some  cases  for  evaluation  of  the  aechanisas  cf  the  effect  of 
inclusions  on  the  properties  of  the  coafositioos  their  content  was 
expanded  to  SO  o/o  by  voluae.  Powders*  taken  in  corresponding 
voluaetric  quantities*  were  nixed  in  drua-type  aixers  for  a 
twenty-four  hour  period.  Proa  the  obtained  aixtures  by  technology* 
including  hot  pressing  with  annealing*  ceraet  specimens  were 
aanufactured  with  cross  section  2. 5 X 2.5  aa2.  All  the  tests  at  rooa 
teaperature  were  conducted  on  an  instruaent  for  aicroaechanical  tests 
[6]  with  speed  of  aoveaent  of  punch  2.34  X 10'2  aa/ain.  The  height  of 
the  speciaens*  tested  for  coapression*  was  7 an*  the  distance  between 
supports  during  bending  - 6.5  aa.  The  obtained  data  are  presented  on 
Figs.  1-4. 


The  conducted  investigations  showed  that  the  introduction  of 
iron  into  n-type  lead  telluride  leads  to  increase  of  both  strength 
(Fig.  1)  and  plasticity  of  this  aaterial.  This  growth  is  aore 
considerable*  the  less  iron  powder  that  is  used.  The  difference  in 
hardening  is  especially  noticable  with  increase  of  its  content  to  5 
o/o  by  voluae.  These  phenoaena  are  easily  explained  during  an  account 
of  the  strengthening  action  of  intergranular  boundaries  and  the 
difference  in  the  sizes  of  the  basic  and  the  adaixture  grains. 

Coapression  tests  showed  that  increase  of  the  strength  of  the 
saaples  is  acconpanied  by  a rise  of  their  plasticity.  Kith  10  o/o 
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content  of  iron  with  dispersity  -0.05  ■■  in  n-type  lead  telluride  the 
ultimate  strengths  of  the  last  on  compression,  shear  and  bending  are 
increased  by  50-60  o/o,  the  Magnitude  cf  plastic  deformation  under 
compression  to  failure  is  raised  approximately  2.2  times. 

The  character  of  change  of  the  strength  parameters  of  n-type 
lead  telluride,  and  also  tin  and  germanium  telluride  with  the 

introduction  of  tungsten  and  quartz  into  them  (Figs.  2,  3) 
substantially  differs  from  such  for  lead  telluride  with  iron.  While 
in  the  last  case  there  is  observed  only  the  growth  of  strength 
parameters  in  the  range  of  iron  contents  up  to  25  o/o  by  volume  and 
with  its  dispersity  up  to  (-0.50  ♦ 0.25)  mm,  compositions  with  Si02 
and  W along  with  hardening  also  exhibit  softening,  which  is  more 
considerable,  the  coarser  the  particles  of  inclusions  and  the  higher 
their  content. 

The  continuous  growth  of  the  strength  of  these  compositions 
takes  place  only  with  dispersity  of  inclusions  -0.05  mm.  In  this  case 
the  effect  of  hardening  with  quartz  and  tungsten  content  5 o/o  by 
volume  reaches  - 30  and  -25  o/o  respectively. 

With  the  introduction  of  tungsten  with  dispersity  -0.  1 mm  into 
tin  and  lead  tellurides  (Fig.  3)  there  is  observed  growth  of  strength 
with  rise  of  the  tungsten  content  up  to  19  and  22.5  o/o  respectively. 
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In  this  case  on  tin  tellaride  there  is  achieved  approxiaat ely  an  18 
o/o  effect,  and  on  lead  telluride  - approxiaately  30  o/o.  The 
difference  in  hardening  is  probably  connected  with  the  initial 
dispersity  of  the  aatrix  powders,  which  is  finer  in  the  case  of  tin 
telluride.  The  observed  effects  of  softening  with  the  introduction  of 
tungsten  and  quartz  can  be  explained  by  the  fact  that  both  these 
■aterials  have  considerably  smaller  KTR  than  aatrix  materials:  KTH  of 
lead,  tin  and  germanium  tellurides  in  the  temperature  range  20-350°  C 
(350°  C - the  temperature  above  which  a sharp  increase  of  plasticity 
of  these  materials  is  observed)  is,  according  to  the  authors, 
respectively  21.0  X 10-*,  22.0  x 10~*  and  15.0  X 10-*  1/°C,  and  the 
KTR  of  tungsten  and  quartz  is  all  of  4.5  X 10-6  [7]  and  0.55  X 10“‘ 
1/°C  respectively. 

As  a result  during  cooling  in  the  process  of  the  technological 
cycle  around  the  inclusions  are  formed  negative  (with  respect  to 
external)  stresses.  These  stresses  are  higher,  the  greater  the 
difference  in  the  KTR  of  the  matrix  and  inclusions  and  the  larger  the 
size  of  inclusions.  If  the  "coefficient"  stresses  around  the 
inclusions  or  their  accumulations,  appearing  due  to  unavoidable 
heterogeneity  in  their  distribution,  exceed  the  ultimate  strength  of 
the  aatrix,  then  crack  formation,  weakening  the  material,  takes 
place. 
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For  geraaniua  tellaride,  the  KTR  of  which  is  the  closest  to  the 
KTR  of  tangsten  and  quartz,  in  accordance  with  that  discussed  above 
hardening  is  observed  in  those  cases  when  for  lead  and  tin  tellurides 
it  is  already  absent.  In  all  cases  with  the  absence  of  crack 
formation  the  introduction  of  quartz,  the  KTR  of  which  is  lower  than 
the  KTR  of  tungsten,  causes  such  hardening.  Crack  foraation  appears 
earlier  (with  saaller  contents)  with  the  introduction  of  quartz  and 
softening,  caused  by  it,  is  aore  considerable.  Siailar  phenoaena  take 
place,  obviously,  in  coapositions  on  a base  of  p-type  lead  telluride 
with  A1203,  ZrN,  Tic  (Fig.  4),  but  to  a different  degree  depending  on 
the  values  of  their  KTR,  which  are  respectively  6.8  X 10"‘  [8],  8. 1 X 
10~*  [8]  and  6.5  X 10_‘  1/°  C [8],  It  should  be  noted  that 
coapressive  strength  rises  with  the  introduction  of  these  generally 
softening  adaixtures.  This  is  connected  with  insufficient  rigidity, 
and  thus  the  sensitivity  of  the  given  nethod  of  tests.  The 
distribution  of  stresses  under  coapreseion  is  such  that  it  does  not 
contribute  to  the  opening  of  cracks,  as  with  tension  or  bending;  if 
the  available  cracks  nevertheless  weaken  the  aaterial,  then  this  is 
coapensated  or  even  covered  in  those  places  where  the  crack  foraation 
is  absent.  Of  course,  it  is  necessary  to  be  oriented  to  the  results 
of  bending  tests.  Positive  effects  are  achieved  with  the  use  of 
inclusions  I203  and  TiC,  covered  with  cobalt.  With  the  introduction 
of  Y 203  in  the  quantity  of  3 o/o  by  voluae  a 20  o/o  hardening  is 


achieved,  connected  apparently  with  inter  particle  linkage  in 
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connection  with  the  shearing  properties  of  powder.  With  further 
increase  of  addition  the  strength  practically  does  not  rise.  The 
cause  of  this  is  the  formation  of  accuaulations  of  inclusions  as  a 
result  of  heterogeneity  in  their  distribution  and,  as  a consequence, 
crack  foraation  around  these  accuaulations,  which  is  very  probable, 
since  the  KTR  of  Y*03  is  all  of  7.5  X 10-*  1/°  C [9]. 

Pith  the  introduction  of  titaniua  carbide,  covered  with  cobalt, 
into  p-type  lead  telluride  the  greatest  hardening  effect  is  achieved: 
with  5 o/o  content  of  addition  the  bending  strength  is  increased  by 
50  o/o,  and  coapressive  strength  - by  90  o/o.  So  substantial 
hardening  was  caused  by  the  effect  of  thin  interlayers  of  cobalt, 
separating  the  particles  of  the  aatrix  and  inclusions,  and  also  by 
the  fact  that  its  KTR  has  an  interaediate  value  between  the  KTR  of 
titaniua  carbide  and  lead  telluride.  It  is  very  iaportant  that  the 
theraoelectric  effectiveness  of  such  composition  practically 
negligibly  differs  froa  the  effectiveness  of  the  initial  aaterial. 

The  achieved  values  of  bending  4.9  kg/aa*  and  ccapressive  strength 
13.6  kg/aa*  aake  this  aaterial  in  technological  and  constructional 
respects  close  to  alloys  on  geraaniua  telluride  base  applied  at 
present  as  aaterial  of  the  positive  branch. 

The  obtained  experiaental  resalts  eg  the  aeasureaent  of 
theraoelectric  properties  (a,  «,  *)  at  reps  teaperature  of  coaposite 
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■aterials  depending  on  the  percent  by  vcluie  and  the  dispersity  of 
second  phase  cannot  be  sufficiently  fully  explained  only  by  the 
theoretical  dependences,  exaained  in  [2,  3].  In  those  cases  when  a 
large  difference  does  not  exist  in  the  KTB  of  the  aatrix  and 
dispersed  phase  and  the  aoduli  of  their  elasticity  under 
technological  conditions  differ  insignificantly,  close  binding  of 
particles  is  established.  An  aggregate  structure  is  foraed,  which  is 
naturally  better  than  the  state  of  interparticle  contacts,  which  is 
essentially  reflected  on  the  conductivity  of  two-phase  aixtures.  For 
exaaple,  for  systea  n-PbTe  ♦ Fe  the  change  of  conductivities  is  close 
to  theoretical.  The  regression  froa  theoretical  dependences  of 
specific  electrical  and  theraal  conductivities  toward  their  decrease 
for  systea  GeTe  ♦ Fe  is  caused  by  the  interacticn  of  geraaniua 
telluride  with  iron  [10]. 

As  a result  of  the  different  theraal  expansion  of  phases,  the 
appearing  internal  stresses  lead  to  crack  fcraation,  the  absence  of 
interparticle  contacts  and,  consequently,  to  decrease  of 
conductivities.  This  is  observed  for  systeas  n-PbTe  ♦ Si02  , 8,  Tie, 
HoSi2  and  GeTe  ♦ Si02,  8,  Zr02  to  a greater  or  lesser  degree 
depending  on  the  difference  in  KTB.  Other  possible  causes  of  the 
lowering  of  conductivities  cf  the  investigated  coapositions  can  be 
additional  scattering  due  to  increase  of  the  density  of  dislocations 
on  the  boundary  of  the  aatrix  and  dispersed  phase  and  the  appearance 
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of  fastening  layers  in  connection  with  the  difference  in  the  work  of 
the  output  of  electrons.  The  introduction  cf  aetal  inclusions  leads 
to  a drop  of  the  theraoelectrosotive  force  due  to  the  shorting 
action*  especially  noticeable  in  the  case  n-PbTe  ♦ Fe  in  connection 
with  the  good  state  of  interparticle  contacts.  The  quantitative 

] 

determination  of  the  effect  of  the  quality  of  interparticle  contacts 
and  contact  phenomena  on  the  theraoelectr ical  properties  of  two~phase 
■iztures  is  nade  difficult  because  of  the  absence  of  additional 
information,  for  example,  about  the  work  of  the  output  of  electrons 
of  thermoelectric  material,  the  thickness  of  the  clearance  between 
matrices  and  dispersed  phase,  the  amount  of  interparticle  contact. 

Common  for  these  compositions  is  a decrease  of  the  w/x.  ratio 
with  increase  of  the  content  of  hardening  phase  (Fig.  5)  in 
connection  with  the  sharper  drop  of  specific  electric  conductivity, 
and  this,  in  turn,  leads  to  lowering  of  the  thermoelectric 
effectiveness.  However,  insignificantly  reducing  the  quality  factor, 
but  raising  the  strength  of  material,  it  is  possible  to  avoid 
considerable  losses  during  the  manufacture  of  thermoelements  and 
batteries  and  to  apply  more  effective  materials,  for  example,  p-PbTe. 

3.  Analysis  of  experimental  data.  Cn  the  whole  the  obtained 
results  on  dispersion  hardening  of  thermoelectric  materials  cannot, 
of  course,  be  explained  by  the  action  cf  any  one  of  the  mechanisms  of 
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hardening.  To  the  investigated  coapositioas  are  peculiar  high 
internal  stresses,  which  according  to  Hott  - Natarro  [11]  slow  the 
aoveaent  of  dislocations.  In  view  of  the  aagnitude  of  internal 
stress,  they  probably  often  exceed  the  yield  point  of  the  aatrix, 
which  leads  to  the  foraation  of  dislocations  close  to  the  inclusions. 
Consequently,  the  aoving  dislocations  are  forced  to  cut  through  the 
"forest"  of  dislocations  according  to  Ashby  [12]. 

As  a result  of  the  successive  aoveaent  of  dislocations, 
accuaulations  of  thea  are  foraed  near  the  particles  of  inclusions  in 
accordance  with  the  Ansell  aodel  [ 13].  Stresses  in  the  head  of 
accuaulation  sharply  rise  until  plastic  deforaation  of  the  inclusion 
is  started,  which  takes  place,  obviously,  in  the  case  of  conposition 
of  n-type  lead  telluride  with  iron,  since  its  plasticity  rises  in 
proportion  to  increase  of  the  content  of  addition.  In  this  case, 
since  the  dislocations  are  forced  to  aove  through  the  particle,  they 
are  slowed  according  to  Fleischer  [14]  in  connection  with  the 
difference  in  elastic  aoduli  of  the  aaterials  of  the  aatrix  and 
inclusions.  In  the  case  of  rigid  undefcraed  particles,  which  are  in 
the  investigated  coapositions,  for  exaaple,  tungsten  and  quartz,  the 
growth  of  stresses  probably  leads  to  scae  plastic  flow  of  aatrix 
aaterial  by  aeans  of  transverse  slip  according  to  Hirsch  [15]. 

The  interface  between  the  aatrix  and  inclusions  should  have  such 
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a character  that  the  field  of  dislocation  stresses  could  be 
transferred  froe  the  lattice  of  the  aatriz  through  the  interface  to 
the  lattice  of  the  dispersed  particle,  for  the  fulfillaent  of  this 
reguireaent  the  aatriz  should  possess  the  property  of  "wetting", 
i.e. , to  stick  to  dispersed  particles  (fcy  scans  of  adhesion)  ( 16 ). 

The  role  of  cobalt  in  the  coaposition  p-PbTe  and  titaniun  carbide, 
covered  with  cobalt,  is  partially  connected  with  the  "wetting"  on  the 
phase  boundary. 

The  guantitative  deter sination  of  the  contribution  of  each  of 
the  aechanisns  to  the  overall  effect  of  hardening  of  the  investigated 
coapositions  is  Bade  difficult  because  of  the  absence  of  necessary 
additional  inforaation,  for  ezaaple  dislocation  paraaeters,  and  the 
iaperfection  of  theory. 

On  the  basis  of  the  obtained  results  and  known  theoretical 
positions  it  is  possible  to  note  that  the  nain  reguireaent s for  the 
hardening  phase,  which  should  be  considered  for  the  greatest  effect 
of  hardening  of  thernoelectric  aaterials,  are  deterained  by  the 
dislocation  aechanisa  of  hardening  in  dispersion-hardened 
coapositions  [11-15].  The  specific  nature  of  the  problea  of  hardening 
of  thernoelectric  aaterials  consists  of  the  fact  that  the  selection 
of  the  type,  content  and  the  distributicn  of  particles  of  second 
phase  should  be  accoaplished  in  such  a way  that  the  greatest 
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hardening  effect  is  achieved  with  ainiaun  (allowable)  lowering  of  the 
theraoelectric  quality  factor.  First  of  all  it  is  necessary  to  bear 
in  aind  that  the  lowering  of  the  theraoelectric  effectiveness  will  be 
the  least  if  the  dispersed  phase  will  be  chemically  inert  with 
respect  to  the  entire  working  range  of  teaperatures.  The  content  of 
the  hardening  phase  in  the  coaposition  should  net  exceed  5-7  o/o  by 
voluae,  since  with  large  contents  a sharp  drop  of  theraoelectric 
quality  factor  takes  place  because  of  the  shorting  (isolation) , the 
foraation  of  fastening  layers  or  crack  foraaticn. 

Increase  of  the  dispersity  of  inclusions  probably  leads  to  such 
a relationship  of  phases,  when  with  a certain  critical  voluae  percent 
of  inclusions  the  composition  becomes  matrix  relative  to  the 
inclusions.  For  confornation  of  this  conclusion  there  was  conducted  a 
theoretical  calculation,  based  on  the  fact  that  with  a given  ratio  of 
average  dimensions  of  grains  of  the  main  phase  (L)  and  inclusions  (1) 
there  is  a critical  voluae  content  of  second  phase,  at  which  the 
systen  becomes  matrix  relative  to  the  inclusions.  Two  schemes  were 
broken  down:  in  the  first  were  examined  cubic  particles  of  the 
matrix,  surrounded  by  cubic  particles  of  inclusions,  in  the  second  - 
spherical  particles  of  aatrix,  surrounded  by  spherical  particles  of 
inclusions.  Calculations  in  the  assumption  1/lft  0.1,  which 
corresponds  to  the  investigated  coapositions,  show  that  the  systen 
becoaes  matrix  relative  to  the  inclusions  for  the  first  case  with  V,* 
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= 0.24  V,  and  for  the  second  - with  ¥*♦  = 0.15  V.  The  saaller  the 
ratio  of  dimensions  of  inclusions  and  matrix,  the  saaller  the 

' 

volumetric  portion  of  inclusions  that  this  transition  will  be 
observed  with.  Considering  the  increase  of  the  probability  of 
heterogeneous  distribution  of  the  particles  of  inclusions  with  a rise 
of  their  volumetric  portion  with  mechanical  mixing,  it  is  possible  to 
explain  the  decrease  of  thermoelectric  effectiveness  due  to  shorting 
or  the  isolating  action  of  inclusions. 

The  above-discussed  shows  that  the  structure  of  the  composition 
plays  a substantial  value  for  the  hardening  and  maintaining  of  the 
quality  factor  of  thermoelectric  materials.  The  introduction  of 
hardening  phase  into  grain  of  the  matrix  raises  the  strength  of  the 
grain  itself,  prevents  intracrystalline  failure,  the  formation  of 
shorting  or  isolating  layers.  It  is  proposed  to  conduct  a detailed 

examination  of  this  guestion  in  futher  investigations. 

* 

i 

Conclusions.  1.  one  of  the  most  expedient  means  of  the 
substantial  improvement  of  the  strength  and  plastic  properties  of 
thermoelectric  materials  with  allowable  lowering  of  the  effectiveness 
is  dispersion  hardening  by  inclusions  of  nonreacting  phase. 


2.  By  the  introduction  into  lead  telluride  of  n-type 
conductivity  of  10  o/o  iron  by  volume  with  dispersity  -0.05  mm  its 


strength  properties  are  raised  by  50-60  o/o  and  the  plasticity, 
determined  as  the  value  of  plastic  deformation  with  compression  to 
failure,  - 2.2  tines. 

3.  With  the  introduction  of  titanium  carbide,  covered  with 

cobalt,  into  p-type  lead  telluride  with  dispersity  less  than  5 p the 

I 

strength  parameters  of  the  composition  are  raised  1.5-2  tines. 

4.  The  character  and  features  of  change  of  the  effectiveness  of 
heterophase  materials  are  examined  depending  on  the  type,  size  and 
perceqt  content  of  inclusions. 
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Pig.  1.  Dependences  of  the  ultimate  coapressive  («t) , bending  (*  } 
and  shear  (r&)  strengths  of  conposition  n-PfcTe  ♦ Pe  on  the  percent 
contest  of  iron  of  various  dispersity.  Rushers  at  the  curves  indicate 
the  size  of  iron  grain,  is. 

Pi-9*  2.  Dependence  of  the  ultiaate  bending  strength  of  cospositions 
based  on  n-PbTe  and  GeTe  on  the  type,  dispersity  and  content  of 
inclusions. 
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Pig.  3.  Dependence  of  the  ultimate  bending  strength  of  cob  positions 
based  on  n-PbTe  and  SnTe  on  the  content  of  tungsten  inclusions  sith 
dispersity  -0.10  n. 


Pig.  4.  Dependence  of  the  ultiaate  coapressive  (»t)  and  bending 
strengths  of  compositions  based  on  p-Pfcle  on  the  type  and  the  content 


of  inclusions. 
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Pig.  5.  Relative  change*  of  (•/!*)/(••/  14)  at  rooe  temperature  of 
compositions  based  on  n-PbTe  on  the  type  and  content  of  inclusions 
- Si02,  2-Pe,  3 - H,  4 - HoSi2,  5 - Tie. 
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